A numerical simulation of fluid transportation process was carried out focused on the investigation into predicting the location of the puncture point location in elbow. The kinematics and trajectory of the discrete particles as well as the particle-particle interaction were described by discrete element method (DEM) while the hydrodynamic model of the fluid phase was based on the volume-averaged Navier-Stokes equations, and a fluid density-based buoyancy model was adopted to calculate the solid-fluid interaction force. In this paper, the spatial distribution of particle-wall interaction force was calculated and corresponded to the wear pattern in the elbow, the puncture point locations have been observed. In particular, the influences of slurry velocity, bend orientation and angle of elbow on the puncture point location were discussed.
Introduction
Damage of fluid handling equipment due to erosive wear can cause significant operation and reliability problems in oil and gas, coal, slurry, aerospace, pneumatic conveying, bulk material handling and other industries [1] . Severe erosion takes place on the pipe due to the impact of solid particles on the pipe wall, particularly at its elbow (as shown in Fig. 1 ). The erosion phenomenon is highly complicated due to a number of parameters affecting the erosion severity, such as production flow rate, entrained solid rate in production fluid, fluid properties, flow regime, solid particle properties, particle geometry, wall material of equipment, and geometry of the equipment as stated by Chen et al. [2] . Solid particle velocity which affected by fluid velocity and fluid property has been recognized as the most significant factor for erosion by some investigators and several models were proposed based on that for single-phase liquid or gas flow contained solid particles [3, 4] . To prevent process equipment failure and downtime, it's necessary to identify the puncture point location. Experimental investigations were carried out by Mazumder [1, 5] and SelmerOlsen [6] to characterize the location and magnitude of erosion in elbow specimens. Selmer-Olsen's experiments were conducted in gas-liquid (mixture) multiphase vertical annular flow with quartz particles, and during Mazumder's investigation, experiments were conducted in both single and multiphase flows in elbows to identify the location of maximum erosion. A mechanistic model for multiphase flow was proposed in [5] . In our previous work [7] , the concrete pumping process was modeled with the location of maximum erosive wear damage in elbow predicted. The simulation results showed that the wear pattern in an elbow depended on the magnitude of the interaction forces and the frequency of interactions between particles and wall. Research into the bend failure on a pneumatic conveyor undertaken by Burnett [8] mentioned that the puncture locations of the bends might vary with different bend geometry. However, the effect of variations in bend orientation was not included in his study. Deng [9] conducted experiments with four bend orientations to investigate the effect of bend orientation on puncture point location, finding that the puncture point location is indeed significantly influenced by the bend orientations.
In this study, we used a fluid-solid multi-phase flow model to investigate the erosion in the elbow during transportation, where the continuum modeling proposed by Anderson and Jackson [10] was employed to evaluate the flow field of the slurry. A fluid density-based buoyancy model (FDB) [11] was adopted to approach the interaction force between slurry fluid and the solid particles, while a so-called discrete element method (DEM) [12] was used to describe the trajectory of particles and interactions between the particles or between particles and wall. As pointed out by Yu and Xu [13] , the current CFD-DEM coupling scheme is attractive because of its superior computational convenience as compared to Direct Numerical Simulation- [14, 15] or Lattice Boltzmann-DEM [16] and capability to capture the particle physics as compared to Two Flow Model [17] . The focus of this study is to model and simulate the motion of suspended particles in slurry, to investigate the wear process of the pipe and eventually to predict the location of maximum erosive wear damage in the elbow. In particular, the effect of slurry velocity, bend orientation and angle of elbow on the puncture point location were investigated. Numerical results at different slurry velocities are compared with the experimental results in [1] and [6] , while numerical results with different bend orientations are compared with the experimental results in [9] . Note that particlewall interaction force was adopted to stand for the erosion severity in this study while the experimental investigations were primarily focused on the determination of mass loss or thickness loss on the wall, so the validation of numerical modeling against experimental data is qualitative.
The rest of the paper is organized as follows. We summarized the fluid phase of slurry flow model and the FDB model in the next section. A brief description of the DEM theory is given in Section 3 where more detailed formulations are referred to PFC3D CCFD Add-on User manual [18, 19] . PFC3D CCFD Add-on is a popular commercial code of fluid-solid two-phase flow and is used as the simulation platform of [7] and this research; finally, in Section 4, the simulations of fluid transportation at different flow conditions are performed with results discussed.
Equations of slurry motion
The continuity and momentum equations in the fluid are based on local mean variables as derived by Anderson and Jackson [10] .
where u and ρ f are the fluid velocity and density, respectively. ε is the porosity. p is the fluid pressure, τ f is the viscous stress. g is the gravitational acceleration. n e is the number of particles in one fluid cell. f di is the drag force which is given by [11] :
where the subscript j denotes the fluid computational cell in which particle i resides, and the ε j − (χ + 1) term is an empirical factor to account for the local porosity. The empirical coefficient χ is defined as: 
C D is the fluid drag coefficient for a single unhindered particle
where the particle Reynolds number Re pi is based on the superficial slip velocity between particle and fluid
where μ is the dynamic viscosity of the fluid.
(2) will be regarded as a source term when solving the fluid equations. The way we used to calculate the interaction force is called the fluid density-based buoyancy model (FDB) [11] . 
DEM modeling of the interaction between moving particles
The discrete element method (proposed by Cundall [12] ) was used to account for the interactions between particles and the walls. When taking into account all the forces acting on each particle, the dynamic equations of the discrete element can be symbolically expressed as:
where m and I are respectively the mass and the moment of inertia of a particle; θ is the angular position; g is the gravitational acceleration; τ is torque. f fpi is the fluid-solid interaction force which defined as:
where v pi is volume of particle i. A linear spring model is used to present the contact between elements as follow:
where k n and k s are the normal and tangential stiffness, respectively. δ is the overlap of the elements. ΔS is the shear component of the contact displacement increment. The shear contact force is computed in an incremental fashion. When the contact is formed, the total shear contact force is initialized to zero. Each subsequent relative sheardisplacement increment results in an increment of elastic shear force that is added to the current value.
Numerical illustration

Simulation condition
It was confirmed in [7] that the current solid-fluid combining approach provided a promising solution strategy for investigation of the wear process of the pipeline. As an expanded research, in this study we adopt the same simulation parameters from [7] as a standard case (as shown in Fig. 2) . To study the effect of slurry velocity, bend orientation and angle of bend, other results will be compared with those obtained from the standard case. In the standard case, the length of the horizontal pipe is 1.6 m, the length of the vertical pipe is 0.6 m, the elbow section consists a 90°circular bend with an outer radius of 0.4 m and an inner radius of 0.3 m. The length of the elbow is about 0.628 m, the diameter of the pipe is 0.1 m. The position of particles at the inlet was generated in such a way that in the inlet of the horizontal pipe, initial velocity of the particles is 6 ms, and the velocity at the inlet is set 6 m/s keeping constant, while the pressure at the outlet is 0.
Parameters of material content are shown in Table 1 employed from [20] . Collocated grid was used to arrange fluid variables in center of a fluid computational cell, and the whole computational domain was divided by 2000 CFD cells. Patankar's SIMPLE algorithm [21] was adopted to compensate the pressure and velocity to satisfy the conservation law of mass.
Noted that to determine appropriate value of k n and k s in Eq. (9), a trial and error approach was employed. In this study, k n = 1 × 10 7 N/ m and k s = 1 × 10 7 N/m.
Results and discussion
The standard case
The hydraulic pressure and velocity magnitude distribution in standard case were obtained and discussed in [7] as well as the particle concentration. It was indicated in [7] that the particle motion was influenced by fluid property and the maximum impact force on the wall played an important role in the wear process. In the present paper, the maximum impact force distribution was adopted to represent the wear pattern on the elbow. The wear processes in different flow conditions were investigated by changing the slurry velocities, bend orientation and angle of bend. Fig. 3 (a) and (b) shows the instantaneous spatial distribution of the porosity and fluid-particle interaction force at 0.2 s. As shown in Fig. 3(a) , a rope is formed in the elbow and the particle segregation is very obvious. The fluid-particle interaction force (shown in Fig. 3  (b) ) reaches its maximum in the region of highest particle concentration. This can be explained as follows according to Eq. (3): (i) The porosity is small in this region where the particles concentrated, the drag force on a particle is large when the porosity is low, the relationship between porosity and drag force has been summarized by Kafui et al. in [22] .
(ii) The relative velocity between the two phases is large in this region, the drag force on a particle is large when the relative velocity between the phases is large. The large relative velocity is due to two aspects. On one hand, the friction between the particles and wall decelerates the velocity of the particles; on the other hand, collisions take place most frequently in this region, particles may stay or even bounced back caused by the collisions between particles.
Effect of the slurry velocity on the puncture point location
In this section, to study the effect of the slurry velocities on the puncture point location, simulations were conducted by changing the Fig. 2 . Diagram of the computational domain. slurry velocities while leaving other parameters same as those in the standard case. Fig. 4 illustrates the maximum impact force distribution on the elbow at different slurry velocities when the gravity action is ignored. Fig. 4(a) shows the maximum impact force distribution when the slurry velocity is 6 m/s , it can be seen that the maximum erosive location is observed at approximately 42°of the outer wall (degrees are defined in Fig. 7(a) ). Due to the maximum flow velocity is at the centerline of the pipe, the corresponding impact velocity at the centerline of the pipe is also maximum. This causes the maximum erosion near the intersection of the inlet flow centerline and the surface of the outer radius of the elbow. In this study, the centerline of inlet flow intersects the outer wall of the elbow at approximately 25°. When the slurry velocity increases from 6 m/s to 9 m/s, 18 m/s and 36 m/s, it is found in Fig. 4(b), (c) and (d) that the maximum erosive location does not change very much. For example, Fig. 4(d) shows the maximum erosion at approximately 47°which is 5°downstream from the puncture point of the standard case as shown in Fig. 4(a) . But when the slurry velocity is higher, the particle-wall interaction force is higher as shown in the legends. Fig. 5 shows the peak magnitude of the maximum impact force at different slurry velocities. The peak magnitude of the maximum interaction force at slurry velocity 36 m/s is approximately 7.2 times higher than that in standard case, while the velocity is 6 times higher than the velocity in standard case (6 m/s). It can be seen from Fig. 5 that when the slurry velocity increases from 6 m/s to 9 m/s, the peak magnitude of the maximum impact force increases following a linear way; whereas the peak magnitude of the maximum impact force increases faster than the linear case when the slurry velocity increases from 9 m/s to 18 m/s and 36 m/s. Fig. 6 illustrates the max impact force distribution at different slurry velocities versus the location in elbow. It can be seen from Fig. 6 that the interaction force is generally higher when the slurry velocity is higher, and 3 peaks were observed at approximately 15, 40 and 89°according to the trend of the lines. The first two peaks are due to the direct strike of particles from the horizontal pipe, and the fluid-solid drag force in Fig. 3 . Spatial distribution of (a) porosity and (b) fluid-particle interaction force (N/m 3 ) at 0.2 s. the elbow makes the location of the second peak move downstream from the intersection point of the centerline of the inlet flow and the outer wall of the extrados. The third peak is due to the centripetal force. In this study, we focus on the locations and the impact force on the former two peaks caused by direct strike of particles. When the slurry velocity is 6 m/s, the maximum erosive locations are observed at 15 and 42.5°, the interaction force is 48.2 N at first peak and 61.8 N at the second peak; when the slurry velocity is 9 m/s, the maximum erosive locations are observed at 17.5 and 42.5°, the interaction force is 87.5 N at the first peak and 81.0 N at the second peak; when the slurry velocity is 18 m/s, the maximum erosive locations are observed at 15 and 45°, the interaction force is 202.8 N at the first peak and 236.3 N at the second peak. When the slurry velocity is 36 m/s, the maximum erosive locations are observed at 15 and 47.5°, the interaction force is 185.0 N at the first peak and 450.6 N at the second peak. It can be seen from Fig. 6 that location of the first peak does not change very much when slurry velocity increases, but the location of the second peak moves to downstream caused by fluid-solid drag force when slurry velocity increases, which means that the lower layer of the particle flux from the inlet pipe strikes on the elbow directly then forms the first peak and the upper layer of the particle flux was dragged deeper into the elbow by the slurry flow and results in the location of the second peak moving deeper downstream, this trend is consistent with the experimental results by [1] and [6] .
Effect of the bend orientation on the puncture point location
In this section, to study the effect of the bend orientation on the puncture point location, simulations were conducted by changing the direction of the gravity action and whereas the rest of the parameters are the same as the standard case. For the sake of comparison, in this section, results are drawn in this way that the inlet pipe was always at the left-down corner of the picture, the pipe which has the same direction with the gravity force was regarded as a vertical pipe, while the pipe which is perpendicular to the gravity force was regarded as a horizontal pipe.
Generally, the flow pattern has a great influence on the puncture point location, however it is extremely difficult to observe the flow pattern or obtain the interaction force in experiments online. Fig. 7(a), (b), (c), (d) indicates the particle movement in: no gravity considered (standard case), vertical to horizontally downward, horizontal to vertically inclined downward and horizontal to vertically downward pipe, respectively. In Fig. 7(a) , the gravity action is ignored, it is shown that an obvious segregation is formed in the elbow and the particles glide cling to the outer wall due to the centripetal force. In Fig. 7(b) , the gravity force has the same direction with the inlet pipe so has little effect on particle pattern in the inlet pipe, the gravity action results in the segregation layer of particles in the elbow thinner than that in Fig. 7(a) , the impact angle is similar with that in the standard case. The effect of gravity action on the particles in the inlet pipe can be observed in Fig. 7(c) and (d) , where the gravity force leads the particles to settle down on the bottom of the inlet pipe. In the elbow, the gravity force results in most of the particles moving away from the central axis of the horizontal pipe, the particle concentration region moves deeper into the bend due to sum action of gravity and slurry drag force. This movement makes the first impact point of the particle flux move deeper into the bend and leads to a decrease of particle impact angle. This kind of biased particle distribution was also discussed in Deng's experiments [9] . Fig. 8 shows the maximum impact force distribution corresponding to Fig. 7 . In Fig. 8(a) , when the gravity action is ignored, the puncture point is observed at approximately 42°. In Fig. 8(b) , the puncture point location is not obvious. This is due to the gravity action, the gravity force prevents the particles from bouncing back and makes the particles still gliding cling to the outer wall closely as shown in Fig. 7(b) , therefore a durative wear takes place at nearly the entire outer wall of the elbow. In Fig. 8(c) , the puncture point location is observed at approximately 60°, 20°downstream of the puncture point location in Fig. 8(a) . And in Fig. 8(d) , the puncture point location is observed at approximately 90°or further. The focus of this study is on the wear process on the elbow, so wear pattern was only investigated in this region. Fig. 9 shows the maximum impact force distribution at different bend orientations versus the location in elbow and compared with the standard case. It can be seen from Fig. 9(b) that the average magnitude of max impact force in the vertical to horizontally downward pipe is similar with that in the standard case, whereas the amplitude is smaller due to the gravity action, the interaction force from 60 to 90°is higher than that in the standard case. In Fig. 9(c) , the puncture location is observed at approximately 60°. The puncture location in Fig. 9(d) is observed at approximately 72°. From the four pictures in Fig. 9 , it can be seen that the puncture point location is indeed significantly influenced by the bend orientation, the gravity force makes the puncture point location move deeper in a horizontal to vertically downward pipe, this phenomenon is consistent with the experimental results in [9] . Note that the interaction force at 0-12.5°in Fig. 9 (c) and 0-27°in Fig. 9(d) is zero, which confirms that the gravity action makes the first impact point of the particle flux move deeper into the bend. However it shows in our results that the impact force at the puncture point location is lower than that in the standard case, this is different from the conclusion obtained in [9] . Deng [9] proposed that the horizontal to vertically downward pipe has the shortest service life than other bend orientations. However the impact force obviously depends on the bend radius to pipe diameter ratio and the slurry velocity employed. Suppose that in a horizontal to vertically downward pipe, given a sufficient low slurry velocity, the particles will directly drop down into vertical pipe, without any contacts forming between the particles and the outer wall of the elbow. Furthermore, the fluid velocity in [9] is much higher than that in this study, and gas was employed as the carrier phase in [9] while the carrier phase employed in this study is liquid.
Erosion investigation on U-shaped bend
Earlier studies of fluid-solid flows have been carried out both experimentally [1, 6, 9] and numerically [7, [23] [24] [25] to obtain information about fluid-solid behavior at 90°bends, but there has not been very much research into erosion in U-shaped bend, especially on the pipe erosion. However they are widely used in many industrial applications such as pneumatic conveying dryer system [26, 27] . In this section, to study the puncture point location on pipes with other angle, a U-shaped bend was established and simulations were conducted without considering the gravity action, the slurry velocity was 18 m/s. Fig. 10 (a) and (b) shows the spatial distributions of maximum and total impact force on the U-shaped bend, respectively. It can be seen from Fig. 10(a) that the maximum erosive location is observed at approximately 43°(degree is defined in Fig. 7(a) ) due to the direct strike of the particles from horizontal pipe, this location is similar with that in a 90°elbow when the same slurry velocity is adopted. Another high wear region is observed at approximately 160°due to the centripetal force. Fig. 10(b) shows the total impact force distribution on the U-shaped bend, it can be seen that, in the case of ignoring the gravity action, the later half of the U-shaped bend suffers more frequently but with lighter friction than the former half though the puncture point location is observed at the former half, which means the former half of the U-shaped bend has a shorter service life while the average thickness loss on the later half is higher. Fig. 11 illustrates the max impact force distribution versus the location in U-shaped bend. From Fig. 11 , it can be seen that two peaks were observed, the first one is observed at 43°, the second one is observed at 160°.
Concluding remarks
Numerical simulations based on CFD and DEM have been conducted to study the solid-fluid multiphase flow problem in fluid transportation progress. Effects of the slurry velocity, bend orientation and angle of elbow on the puncture location were discussed. According to the results of the analysis, the following conclusions can be made:
1. The puncture point location is influenced by the slurry velocity, the location of the maximum erosive location moves to downstream when slurry velocity increases. The impact force is higher when the slurry velocity is higher. 2. The puncture point location is significantly influenced by the bend orientation. In this study, the gravity force makes the segregation layer thinner in the vertical to horizontally downward pipe compared with that in no-gravity case. In the horizontal to vertically downward pipe, the gravity action leads the particles to settle down on the bottom of the horizontal pipe and results in most of the particles moving away from the central axis of the horizontal pipe in the elbow. The gravity force makes the particle concentration region moves deeper into the bend due to sum action of the gravity and slurry drag force. This movement makes the first impact point of the particle flux move deeper into the bend. 3. In a U-shaped bend, the maximum erosive location is observed at approximately 40°due to the direct strike of the particles, which is nearly same with the puncture location in the 90°elbow. Whereas later half of the elbow suffers more frequently but with lighter friction than the former half. However it is important to note that the numerical predictions for U-shaped bend have not been compared to experimental data which is essential to be done before numerical work. Fig. 10 . Spatial distributions of (a) maximum impact force (N) and (b) total impact force (N) on U-shaped bend. Fig. 11 . The max impact force distribution on the outer wall of the U-shaped bend.
